Several studies suggest a link between post-transplant hypomagnesemia and new-onset diabetes after transplantation (NODAT), but this relationship remains controversial. We conducted a retrospective cohort study of 948 nondiabetic kidney transplant recipients from January 1, 2000, to December 31, 2011, to examine the association between serum magnesium level and NODAT. Multivariable Cox proportional hazards models were fitted to evaluate the risk of NODAT as a function of baseline (at 1 month), timevarying (every 3 months), and rolling-average (i.e., mean for 3 months moving at 3-month intervals) serum magnesium levels while adjusting for potential confounders. A total of 182 NODAT events were observed over 2951.2 person-years of follow-up. Multivariable models showed an inverse relationship between baseline serum magnesium level and NODAT (hazard ratio [HR], 1.24 per 0.1 mmol/L decrease; 95% confidence interval [95% CI], 1.05 to 1.46; P=0.01). The association with the risk of NODAT persisted in conventional time-varying (HR, 1.32; 95% CI, 1.14 to 1.52; P,0.001) and rolling-average models (HR, 1.34; 95% CI, 1.13 to 1.57; P=0.001). Hypomagnesemia (serum magnesium ,0.74 mmol/L) also significantly associated with increased risk of NODAT in baseline (HR, 1.58; 95% CI, 1.07 to 2.34; P=0.02), time-varying (HR, 1.78; 95% CI, 1.29 to 2.45; P,0.001), and rolling-average models (HR, 1.83; 95% CI, 1.30 to 2.57; P=0.001). Our results suggest that lower post-transplant serum magnesium level is an independent risk factor for NODAT in kidney transplant recipients. Interventions targeting serum magnesium to reduce the risk of NODAT should be evaluated.
The burden of new-onset diabetes after transplantation (NODAT) has become increasingly clear since the late 1990s. [1] [2] [3] [4] In a 10-year cohort study, 24% of kidney transplant recipients (KTR) developed NODAT within 3 years of transplantation, many of whom were diagnosed in the early posttransplant period. 4 Compared with nondiabetic KTR, patients with NODATor pretransplant diabetes experienced worse long-term allograft function and higher risks of graft failure, post-transplant cardiovascular disease, and mortality. 1, [4] [5] [6] [7] [8] [9] Various risk factors for the development of NODAT have been identified, including age, ethnicity, obesity, family history of diabetes, acute rejection, cytomegalovirus infection, hepatitis C, use of corticosteroids, and notably, magnesium (Mg) deficiency. [1] [2] [3] [4] [10] [11] [12] [13] [14] Mg is an intracellular cofactor necessary for glucose transport between membranes, glucose oxidation, and insulin-mediated tyrosine kinase pathways. 15, 16 Hypomagnesemia (hypoMg) is commonly observed among KTR who are prescribed calcineurin inhibitors (CNI). It has been suggested that CNI downregulate Mg transport proteins in the renal tubules, leading to increased Mg excretion and wasting. [17] [18] [19] [20] Several studies in nontransplant populations have shown that higher consumption of Mg is associated with a lower risk of diabetes mellitus. [21] [22] [23] [24] [25] [26] Other studies have reported a higher incidence of hypoMg among patients with diabetes or prediabetic hyperglycemia compared with nondiabetic controls. [27] [28] [29] [30] Randomized control trials have demonstrated that type II diabetic patients who receive Mg supplement exhibit improved glycemic control. 31, 32 In the context of kidney transplantation, however, this association remains controversial due to conflicting findings. [33] [34] [35] [36] [37] Moreover, previous studies have methodologic limitations such as not properly accounting for time-varying serum Mg levels over follow-up.
In view of these limitations, we aimed to examine the association between serum Mg and risk of NODAT in a large cohort of KTR using comprehensive data from a single-center research database. To appropriately account for exposure over follow-up, serum Mg was modeled as a time-fixed, conventional time-varying, and rolling time-varying average exposure in multivariable analyses to determine its role in the development of NODAT.
RESULTS
We identified 1817 KTR who were transplanted between January 1, 2000 and December 31, 2011 in the Comprehensive Renal Transplant Research and Information System database. The prevalence of pretransplant diabetes mellitus was 29% and remained relatively stable throughout the study period (Supplemental Appendix 1). Figure 1 depicts the patients excluded from the study cohort after application of the exclusion criteria. The final study cohort consisted of 948 KTR (Figure 1) .
A total of 182 NODAT events were documented during 2951.2 person-years at risk. The median follow-up was 3.4 years (95% confidence interval [95% CI], 1.4 to 5.0). The median time to NODATwas 0.6 years (95% CI, 0.1 to 2.1). The incidence rate of NODAT was 6.2 (95% CI, 5.3 to 7.1) per 100 person-years. Recipient, donor, and transplant baseline characteristics are presented in Table 1 . The mean recipient age was 47.4 years (613.3). There was a preponderance of males (60.7%) and patients of White race (70.2%) in the study cohort. The median time on dialysis prior to transplant was 3.2 years (95% CI, 1.0 to 5.9). The prevalence of hypoMg at 1 month post-transplant was 38.6%. Slightly over half of the patients received kidneys from living donors. At 1 month post-transplant, 64.5% and 35.5% of KTR were receiving tacrolimus and cyclosporine, respectively. Figure 2 illustrates Kaplan-Meier curves showing the cumulative probability of NODAT stratified by serum Mg categories (i.e., hypoMg versus normal Mg). When using baseline serum Mg level at 1 month post-transplant, the hypoMg group displayed a higher cumulative probability of NODAT than the normal Mg group throughout the follow-up period (24.3% versus 17.1% at 5 years, P=0.01; Figure 2A ). When using mean serum Mg over the first month after transplant, the cumulative probability of NODAT in the hypoMg group was significantly higher than the normal Mg group (23.9% versus 17.9% at 5 years, P=0.03; Figure 2B) . Treating serum Mg level as a time-varying exposure showed that KTR with hypoMg experienced a higher cumulative probability of NODAT compared with KTR with normal Mg levels (26.0% versus 17.5% at 5 years, P,0.001; Figure 2C ). Finally, when hypoMg was considered a rolling-average exposure, based on the mean serum Mg level over the prior 3 months, the curves showed a separation early post-transplant and the difference in the probability of developing NODAT continued to increase over time (26.2% versus 15.8% at 5 years, P,0.001; Figure 2D ).
The results of the time-fixed multivariable Cox proportional hazards models are displayed in Table 2 . When analyzed as a continuous variable, a lower baseline serum Mg at 1 month post-transplant was associated with an increased risk of NODAT (hazard ratio [HR], 1.24 per 0.1 mmol/L decrease in Mg; 95% CI, 1.05 to 1.46; P=0.01). The inverse relationship between serum Mg and risk of NODAT persisted when using mean serum Mg measured over the first month posttransplant (HR, 1.21; 95% CI, 1.02 to 1.45; P=0.03). Similarly, when serum Mg was treated as a binary variable, KTR with hypoMg at baseline had a 58% increase in the risk for developing NODAT compared with KTR without hypoMg (HR, 1.58; 95% CI, 1.07 to 2.34; P=0.02). However, hypoMg did not reach statistical significance when using mean serum Mg measured over the first month post-transplant (HR, 1.40; 95% CI, 0.94 to 2.07; P=0.10).
The results of the time-dependent multivariable Cox proportional hazards models are presented in Table 3 . When using a conventional time-varying model to assess changes in serum Mg levels every 3 months, a lower serum Mg was associated with an increased risk of NODAT (HR, 1.32 per 0.1 mmol/L decrease in Mg; 95% CI, 1.14 to 1.52; P,0.001). Additionally, hypoMg was significantly associated with an increased risk of NODAT compared with the normal Mg group (HR, 1.78; 95% CI, 1.29 to 2.45; P,0.001). Similar to the conventional time-varying model, the 3-month rollingaverage model showed a significant inverse relationship between serum Mg level and risk of NODAT (HR, 1.34 per 0.1 mmol/L decrease in serum Mg; 95% CI, 1.13 to 1.57; P=0.001). Moreover, KTR with hypoMg experienced an 83% increased risk for developing NODAT compared with KTR without hypoMg in the rolling-average model (HR, 1.83; 95% CI, 1.30 to 2.57; P=0.001).
The continuous relationship between serum Mg exposure and the log HR for the risk of NODATwas demonstrated using the method of fractional polynomials ( Figure 3) . Consistent with the results of the multivariable analyses, serum Mg levels were inversely associated with the risk of NODAT in a log-linear fashion across the range of serum Mg studied.
Additional analyses showed thatthe exposureoutcome association was not significantly modified by various patient subgroups (Supplemental Appendix 2). Moreover, Cox models sequentially fitted with an expanding set of covariates showed essentially no change in the main association (Supplemental Appendix 3). Sensitivity analyses that excluded patients with early hyperglycemia diagnosed NODAT from glucose readings alone or the initiation of diabetes treatment, and adjusted for exposure to supratherapeutic CNI levels in the first month post-transplant showed similar results to the main analysis (Supplemental Appendices 4-6). Pretransplant Mg exhibited no correlation with 1-month post-transplant Mg (Supplemental Appendix 7) and an absence of an association was confirmed in both time-fixed and time-dependent Cox models (Supplemental Appendix 8).
DISCUSSION
Using a large, single-center cohort of KTR, we aimed to comprehensively assess posttransplant hypoMg as an independent risk factor for the development of NODAT. Similar to the results of the Kaplan-Meier analyses, the time-fixed Cox proportional hazard model indicated that a lower serum Mg was significantly associated with an increased risk of NODAT after adjustment for recipient, donor, and transplant factors. Using a conventional time-varying Cox model also showed that a lower serum Mg measured every 3 months was associated with a greater risk of NODAT. Accounting for changes in serum Mg levels using a rolling-average model further demonstrated this inverse relationship between serum Mg level and risk of NODAT.
Several past cohort studies have examined the relationship between serum Mg and NODAT, but they have shown conflicting results, likely due to differences in how serum Mg levels were analyzed. Osorio et al. investigated this relationship among 589 nondiabetic KTR whose serum Mg measurements were performed throughout the first year post-transplant. 34 They reported no association between hypoMg and NODAT after adjustment for CNI regimen. In contrast, Van Laecke et al. conducted a study of 390 KTR to assess the relation between hypoMg and NODAT, using serum Mg levels during the first 2 months after transplant. 36 They found that although the use of CNI was associated with an increased likelihood of developing NODAT, hypoMg at 1 month post-transplant was also an independent risk factor. The same research group published similar results based on a cohort of 169 liver transplant recipients. 35 The findings of Van Laecke et al.
were later supported by a study on KTR in the United States. 35 More recently, Van Laecke et al. conducted a randomized control trial to examine the effectiveness of Mg supplementation to improve glycemic control and insulin sensitivity after kidney transplantation. 38 They reported that KTR on Mg supplementation displayed lower fasting glycemia at 3 months post-transplant compared with controls. However, no significant differences were noted in other measures of glycemia. The trial was not powered to evaluate the effect of Mg supplementation on the risk of NODAT over follow-up.
In order to address the limitations of prior time-fixed analyses, we incorporated conventional time-varying and rolling-average Cox proportional hazards models. The principal finding of the study is that hypoMg is a strong independent risk factor for NODAT. Compared with the results of time-fixed models, the conventional and rolling-average models showed markedly higher hazard ratios. This suggests that serum Mg may impose a stronger risk for developing NODAT when it is properly estimated as a time-dependent exposure.
The pathophysiologic relationship between hypoMg and NO-DAT is complex. A comprehensive review suggested that hypoMg is associated with altered cellular transport of glucose, reduced insulin secretion by b-cells within the pancreas, and defective insulin signaling pathways. 39, 40 On the contrary, type II diabetes mellitus may induce hypoMg due to gastrointestinal (e.g., gastroparesis and diarrhea), renal (e.g., reduced tubular reabsorption due to impaired insulin-mediated Mg transport), and other factors (e.g., diuretics, antibiotics, and antifungal agents). [40] [41] [42] [43] Our results (particularly the time-varying analyses) support the former view that hypoMg is an independent risk factor for NODAT.
This study used a large, well characterized, single-center cohort of KTR to evaluate the association of serum Mg levels and NODAT. Moreover, the study cohort's comprehensive and repeated measures of serum Mg, along with other clinical/laboratory parameters, allowed for a detailed analysis of the study question. Finally, the study patients were transplanted in the contemporary era of immunosuppression and other clinical practice patterns remained relatively stable over the follow-up period.
Despite these strengths, the study has some limitations that deserve note. First, because Mg is mostly an intracellular cation, it has been questioned whether hypoMg can be 31, 32 Nevertheless, the intake of Mg should be reflected in the serum Mg level, which was measured and analyzed continuously throughout the course of follow-up. Third, missing data were minimal for the primary exposure and outcomes of interest, but some covariates contained incomplete information. We used the method of multiple imputation to appropriately account for missing covariate data with the assumption that the missingness was at random. Finally, residual confounding is often a concern when analyzing data from observational studies. We used a priori exclusion criteria and multivariable modeling with adjustment for potential confounders to reduce the impact of this source of bias. In summary, our results suggest that a lower serum Mg level is associated with a quantitatively increased risk of NODAT, based on time-fixed, conventional time-varying, and rolling-average time-varying Cox proportional hazards models. The significant burden of hypoMg and its association with NODAT in the kidney transplant population warrant further research into interventions to prevent or correct hypoMg to reduce the risk of NODAT in KTR.
CONCISE METHODS

Study Population
A retrospective cohort study was conducted on all patients $18 years of age who received transplants from January 1, 2000-December 31, 2011 (with follow-up until June 30, 2012) at the Toronto General Hospital, University Health Network. Exclusion criteria included: (1) prior or simultaneous nonkidney transplant, (2) kidney transplants from outside institutions, (3) primary nonfunction, (4) absence of serum Mg measurements post-transplant, (5) history of pretransplant diabetes mellitus, (6) NODAT within the first month post-transplant, and (7) graft failure, death, or loss to follow-up within the first month post-transplant. Immunosuppression protocols and patient follow-up schedules are described in Supplemental Appendix 9. Data sources are highlighted in Supplemental Appendix 10. 44 
Exposure Assessment and Classification
The exposure of interest was post-transplant serum Mg, which was analyzed as a continuous and categorical (binary) variable. HypoMg was defined as serum Mg level ,0.74 mmol/L. Moreover, serum Mg was assessed as a time-fixed, conventional time-varying, and rolling-average time-varying exposure in the multivariable Cox proportional hazards models. Serum Mg at 1 month posttransplant was used for the time-fixed models. Conventional time-varying models updated the level of serum Mg at regular intervals (i.e., every 3 months) over follow-up and related this level to the risk of NODATover the subsequent 3 months. The rolling-average timevarying model took the mean serum Mg calculated over a 3-month exposure window and attributed this value to the risk of NODAT over the subsequent 3-month risk window. The 3-month exposure window was then moved forward in time by 3-month increments to recalculate the mean serum Mg and assess its association with NODAT in the following risk window. In contrast to a conventional time-varying model, the rolling-average time-varying model more accurately reflects the average exposure to serum Mg during the 3-month exposure window prior to the period at risk for NODAT. A similar approach to exposure assessment and classification has been implemented by others. 45 
Outcome Assessment and Classification
The outcome of interest, NODAT, was defined as the occurrence of one or more of the following starting 1 month after kidney transplantation: (1) at least two fasting glucose readings $7.0 mmol/L (126 mg/dl), (2) at least two nonfasting glucose readings $11.1 mmol/L (200 mg/dl), or (3) the need for antidiabetic medications (including insulin) persisting beyond the first month after transplantation. Graft loss (i.e., return to chronic dialysis or preemptive retransplantation), death with graft function, or loss to follow-up prior to the development of NODAT were treated as censoring events in the survival analysis.
Potential Confounders
The following potential confounders were included in the multivariable Cox proportional hazards models: (1) recipient factors (age, sex, race, body mass index, peak panel reactive antibody level, time on dialysis, eGFR using the Chronic Kidney Disease Epidemiology Collaboration formula, 46 and pretransplant hypoMg measured just prior to transplantation); (2) donor factors (age, sex, body mass index, deceased versus living donor transplant, and history of hypertension); and (3) transplant factors (regraft status, delayed graft function, type of CNI, proportion of CNI levels over therapeutic threshold [tacrolimus trough .15 mg/L, cyclosporine trough .250 mg/L, 2-hour cyclosporine .1700 mg/L] and transplant era). The following biochemic variables were also collected: pretransplant serum Mg, post-transplant serum Mg, glucose, and creatinine. These laboratory data were usually collected as part of the routine blood work performed at regular intervals in the post-transplant period.
Additional Analyses
The relation between serum Mg and the risk of NODATwas examined in the following patient subgroups: (1) median recipient age (,48 versus $48 years), (2) recipient sex (male versus female), (3) recipient race (White, Black, 
Statistical Analyses
Continuous baseline variables were presented as means6SD or medians (interquartile range) as appropriate. Categorical variables were analyzed with the chi-squared test. The time origin for the survival analyses was set to 1 month post-transplant. This allowed for the exclusion of very early NODAT events (which may have reflected undiagnosed diabetes pretransplant) and ensured that kidney function had stabilized prior to assessing Mg levels. The Kaplan-Meier method was used to examine the cumulative incidence of NODAT over time. The log rank statistic was used to assess differences across survival functions.
We fitted multivariable Cox proportional hazards models to determine the independent association of serum Mg level and the risk of NODAT for time-fixed, conventional time-varying, and rolling-average time-varying parameterizations of serum Mg. Violations in the proportional hazards assumption were assessed using Schöenfeld residuals and log (cumulative hazard) plots. No important departures were identified. To examine the continuous, and potentially nonlinear, relationship between serum Mg and NODAT, we used the fractional polynomial method to graphically depict the log HR of NODAT over a range of serum Mg values observed in the study cohort. 47 The method of multiple imputation was applied to missing covariate data.
A two-sided P value of ,0.05 was considered statistically significant. All analyses were performed using Stata/MP 12.1 (StataCorp, College Station, TX). The study was approved by the University Health Network Research Ethics Board. This report is presented in compliance with the Strengthening the Reporting of Observational studies in Epidemiology recommendations for observational studies. 48 
